In the present study, the effect of fiber surface treatments (alkali and acrylic acid) on the thermal degradation behavior of coir fiber (CF)-low-density polyethylene (LDPE) composites with or without compatibilizer (maleic anhydride grafted LDPE, MA-g-LDPE) using thermogravimetric and derivative thermogravimetric analyses (TG/DTG) was analyzed and compared with those of untreated fiber composites. The TG/DTG results revealed that the thermal stability of the CF improved after the chemical treatments. However, the composite containing treated fiber showed lower thermal stability and started to degrade at a faster rate above 380°C in comparison to composites containing untreated fiber composites. Furthermore, the addition of MA-g-LDPE led to improvement in the thermal stability of both treated and untreated fiber composites in comparison to the same composite formulation without MA-g-LDPE. The composite containing untreated fiber and MA-g-LDPE demonstrated superior thermal stability among all the formulated composites, indicating strong fiber-matrix adhesion.
Introduction
Recently, natural fibers such as flax, hemp, sisal, banana, and coir have attracted considerable attention as potential substitutes for conventional synthetic fibers in fiberreinforced polymer composites, due to their advantages such as biodegradability, low density, non-toxicity, acceptable specific strength, and low cost. Moreover, these natural fibers are abundant and derived from renewable sources [1] . Natural fiber-reinforced polymer composites gained importance in a number of applications, particularly as non-structural building materials and automotive components [2] . Among the natural fibers, coir fiber (CF) is of low cost and extensively used in many industrial applications. Coir is a versatile ligno-cellulosic fiber obtained from the coconut tree. CF has high lignin, low cellulose, and low hemicellulose content compared with other natural fibers. As a result, CFs relatively pose more resistance to weather and water [3] .
The reinforcing efficiency of the fiber-reinforced composites mainly depends on the interaction between the fiber and the matrix. These ligno-cellulosic fibers are hydrophilic in nature, which make them incompatible with the hydrophobic polymer matrix. Another serious drawback of ligno-cellulosic fibers is its low thermal stability so that they usually degrade above 200°C; this limits the selection of the type of matrix and the manufacturing techniques [4] . The incorporation of ligno-cellulosic fibers in the polymer matrix resulted in change in the functional groups and crystallinity of the composite materials after ultraviolet exposure and thermal aging, resulting in the degradation of the composite properties [5, 6] . To overcome these shortcomings, several studies have been done on the development of specific methods to increase their compatibility with the polymer matrix. These methods generally involve modification of the fiber and/or the matrix by chemical and physical methods. Chemical modifications such as alkalization, acetylation, acrylation, acrylonitrile grafting, silanization, and addition of maleated coupling agents have been studied and reviewed by many researchers [7] [8] [9] . Maleic anhydride grafted polyethylene (MA-g-PE) has been shown to be one of the most suitable coupling agents available for the development of natural fiber-reinforced polyethylene composites [10] [11] [12] [13] . It consists of a long polymeric chain with a grafted maleic anhydride group on one end. MA-g-PE generates strong ester linkage between the hydroxyl group of the fiber and the anhydride groups of the MA-g-PE, while another end of the MA-g-PE entangles with the polyethylene matrix. Alkalization with NaOH has been shown to be one of the most effective and economical methods for the modification of ligno-cellulosic fibers [3, 14] . NaOH treatment leads to removal of most of the non-cellulosic components (i.e. hemicellulose, lignin, pectins, wax, and impurities), which are responsible for the poor surface wetting and inefficient fiber-matrix interaction. Removal of these components gives rise to surface roughness providing better interlocking between the polar fiber and the non-polar matrix [5] . Acrylation to the fiber has been shown to be one of the best methods to improve mechanical properties, storage modulus, and glass transition temperature as well as to reduce water absorption capacity of the composites [15, 16] . Acrylic acid plays a critical role to reduce the hygroscopicity of the fiber by generating an ester linkage between the carboxylic group of acrylic acid and the cellulosic hydroxyl group [17] .
Thermal analysis of natural fiber-filled polymer composites plays an important role in the selection of the fabrication technique and its application. But there is a limited information available regarding the behavior of these composites above its ambient temperature; this hinders their use in structural engineering applications. The present article deals with the thermal decomposition behavior of CF/low-density polyethylene (LDPE) composites which is presented based on thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG). The aim of the study is to observe the variation in thermal decomposition by reinforcing CF at different weight fractions and to study the effect of different modification techniques (alkalization, acrylation, and compatibilizer addition) with the LDPE matrix. Additionally, the surface of treated fiber was analyzed by using Fourier transform-infrared (FTIR) spectrometer and scanning electron microscopy (SEM).
Materials and methods

Materials
The CF, used as a reinforcing fiber was collected from the local market of Roorkee, Uttrakhand, India and chopped to about 10 mm in length. It comprises 43.44% cellulose, 45.84% lignin, 0.25% hemicelluloses, and other constituents [18] . LDPE, used as a matrix material, was procured from M/s Rapid Engineering Company Private Limited, New Delhi, India, in the form of powder. It had a melt flow index of 34 g/10 min (2.16 kg at 230°C) and a density of 0.930-0.945 g/cm 3 . The compatibilizer, LDPE functionalized with maleic anhydride (MA-g-LDPE, OPTIM-142 ® functionalized with 0.5-0.8% maleic anhydride), was procured from M/s Pluss Polymers Private Limited, Gurgaon, India. Sodium hydroxide (NaOH) and acrylic acid used for the treatment of CF were purchased from Merck, India, and Loba Chemie, India, respectively.
Treatment of coir fiber
Alkali treatment
Firstly, chopped CF was washed with water to remove impurities. After that CF was soaked in 5% (w/v) NaOH solution, maintaining fiber/solution ratio of 1:10 (w/v). The fibers were kept in the solution for 72 h at ambient temperature [3, 19] . After that, fibers were continually washed with tap water followed by distilled water until the last trace of alkali was removed reaching approximately pH 7. Finally, they were air oven-dried at 70°C for 48 h to obtain alkali-treated fibers (A-CF).
Acrylic acid treatment
A-CF was soaked in a 1% acrylic acid solution maintaining fiber/solution ratio of 1:10 (w/v) for 20 min [14] . Then, the fibers were washed thoroughly and air oven-dried at 70°C for 48 h to obtain acrylic acid-treated fibers (AA-CF).
Fabrication of composites
Before preparing composite samples, both fibers and matrix were air oven-dried to avoid voids formation and to strengthen fiber-matrix adhesion. The required amount of fiber (untreated and treated) and LDPE with or without MA-g-LDPE (3 wt% based on the total weight of the composite weight) were thoroughly mixed using mechanical stirrer and arranged into the mold between two Teflon sheets for the easy removal of the sample. Composite sheets were prepared by placing the mold in the compression molding machine (Sant Engineering Company, Ambala city, Haryana, India) at around 180°C temperature and 20 MPa pressure for 10 min. Then the samples were taken out after complete cooling at room temperature. A schematic representation of the preparation of the CF/ LDPE composite has been presented in Figure 1 .
Characterization
Fourier transform-infrared analysis
In order to investigate the effect of chemical treatment on CF, FTIR spectra was examined for untreated CF, A-CF, and AA-CF using an FTIR spectrometer (Nicolet 6700 series, USA). Potassium bromide (KBr) was used as reference substance. The samples were analyzed over the range of 4000-600 cm −1 with a spectrum resolution of 4 cm −1 .
Scanning electron microscopy
Scanning electron microscope (Model LEO-435VP) was used for the morphological study of both reinforcing fibers and the interface between the fiber and the polymer matrix in the composite samples. Prior to their morphological observation, the samples were coated with gold to make them conductive.
Thermogravimetric analysis
Thermal analysis of untreated and treated fibers and composite containing these fibers were carried out using EXSTAR TG/DTA 6300 equipment. Samples of approximately 8-10 mg were heated steadily at a heating rate of 10°C/min from ambient temperature to 700°C under nitrogen atmosphere. The results were obtained in the graphical form: thermogravimetric (TG) and DTG curves. The test results were the average of three specimens for each composite sample.
X-ray diffraction
X-ray diffraction (XRD) was used to study the crystallinity of the composite samples. The XRD patterns were recorded using a Brucker AXS D8 diffractometer operating with Cu-Kα radiation (λ = 1.5406 Å) at 40 kV and 30 mA in the range of 2θ = 10-50° with a scan speed of 0.02°/s. The crystalline thickness (L) was calculated according to the Scherrer's equation:
where K is the Scherrer's constant normally taken as 0.89, λ is the wavelength of the X-ray radiation (1.5406 Å for Cu), β is the full width at half maximum of diffraction peak in radian, and θ is the Bragg angle.
Results and discussion
Fourier-transform infrared spectrometry analysis of fibers
FTIR spectroscopy measurements were carried out to examine the differences in the absorption peak for the CF before and after treatment with alkali (NaOH) and acrylic acid. Figure 2 shows the IR spectra of untreated CF, A-CF, and AA-CF. The broad absorbance peak in the region 3600-3100 cm −1 reflects the bonded O-H stretching vibration and hydroxyl group present in the cellulose and hemicellulose components [20] . The absorbance band at around 1736 cm
; which corresponds to the presence of the C=O (carbonyl) in hemicellulose, pectin, and wax, was observed in the case of the untreated fibers, but this peak disappeared after the chemical treatments. The disappearance of the peak clearly indicates that the chemical treatment significantly removed the hemicellulose content, pectin and waxes, from the fiber surface. The peak around 1356 cm −1 , which belongs to the -CH-of cellulose and hemicellulose, almost disappeared after the alkali treatment because the treatment with NaOH had removed the part of hemicellulose components from the fiber. However, the peak has again appeared after the acrylic acid treatment. This indicates the ester bond formation after the acrylic acid treatment [21] . The peak at around 1267 cm −1 reflects the C-O stretching acetyl group in lignin and shows a significant reduction in the peak. This reduction is attributed to the degradation of the lignin after the chemical treatment. The peak at around 1124 cm −1 corresponding to the C-O-C stretching of polysaccharide components of cellulose showed a significant reduction in the peak after the chemical treatment. This reduction is due to the degradation of cellulose components of the fiber. The absorption peak at around 1063 cm −1 corresponds to both the C-O stretching in cellulose, hemicellulose and lignin, and C-O-C stretching in hemicellulose and cellulose and was observed to be more prominent for AA-CF.
Morphological analysis of fibers
SEM was performed to examine the effect of different surface treatments on the morphology of the CF. Figure 3A -C shows the SEM micrographs of CF, A-CF, and AA-CF. Figure 3A showing the SEM micrograph of untreated CF made it quite evident that untreated CF had some impurities such as wax, fatty acids, and globular particles on the surface of the fiber. There were significant differences observed in the morphology of A-CF in comparison to untreated fiber. A-CF surface micrograph ( Figure 3B ) appeared to be more rough and exposed the micro-fibrils due to the removal of the fatty acids, wax, globular particles, cuticle, and some part of hemicellulose and lignin. Figure 3C shows a number of exposed microfibrils due to the removal of the external surface layer of the fiber caused by the combination of alkali and acrylic acid treatment. This fibrillation may provide better interlocking with the polymer matrix.
Thermal analysis 3.3.1 Thermal analysis of untreated and treated fibers
Before the analysis of the thermal decomposition of the natural fiber-reinforced polymer composites, it is important to understand the thermal behavior of the reinforcing natural fiber. TG and DTG curves of untreated and treated CF are shown in Figure 4A and B. TG curves of reinforcing fibers (CF, A-CF, and AA-CF) show distinct weight loss processes occurring at different temperatures ( Figure 4A ). The ligno-cellulosic fiber samples underwent three-stage degradation processes ( Figure 4B ). Thermal degradation of the ligno-cellulosic natural fiber mainly corresponds to the degradation of hemicellulose, cellulose, and lignin. Due to the presence of acetyl groups in hemicellulose, it shows lower thermal stability than the cellulose and lignin [22] . However, lignin is the most difficult one to decompose. Its degradation occurs in a wide temperature range due to its complex aromatic structure with various branches [23] . The first weight loss process for both untreated and treated CF observed between 30 and 150°C (~7.5% weight loss) indicates the vaporization of absorbed moisture and physically absorbed water [24] . The second weight loss process corresponds to the decomposition of the hemicellulose, pectin, the cleavage of the glycosidic linkage of cellulose, and part of lignin occurring under the temperature range of 200-300°C [25] . In this temperature range, the weight loss accounts for about 23% for untreated, 13% for A-CF, and 12% for AA-CF. It can be inferred from the results that the second stage decomposition rate is more prominent in the case of untreated fiber than in the case of treated fibers, which is also confirmed in the DTG curve, where no peak is seen for the treated fiber. However, a peak at 283°C is noticed for the untreated fiber, which indicates that the chemical treatment significantly removed the hemicellulose, pectin, and part of lignin from the CF. This result corroborates well with the result of FTIR analysis, which revealed the disappearance of the C=O band in the FTIR spectra of both A-CF and AA-CF. The third (and major) weight loss process (300-380°C) is mainly attributed to the decomposition of cellulose by breaking of glycosidic linkages of the glucose chain and decomposition of lignin but to a lesser extent [25] . From the DTG curves, the temperature at maximum weight loss rate is observed at around 325°C (39% weight loss) for untreated, 339°C (39.5% weight loss) for A-CF, and 340°C (43.7% weight loss) for AA-CF. The lower degradation temperature of the untreated fiber observed is because of the presence of hemicellulose and pectin, which exhibits low thermal stability, whereas the A-CF and AA-CF are more stable due to the removal of these components [26] . The last and fourth weight loss process above 380°C corresponds to the degradation of the rest of lignin and oxidative decomposition of the charred residue [24] . From the DTG curve, the degradation peak is observed to be reduced from 456°C (untreated) to 437°C and 423°C for A-CF and AA-CF, respectively. The higher degradation peak for the untreated fiber indicates the lower percentage of lignin in the treated fiber. This result corroborates with the result of FTIR analysis, which revealed that the C-O stretching acetyl group of lignin is weakened after the chemical treatment, especially after the acrylic acid treatment. Above 500°C residue mass can be observed. The untreated fiber has lower residue mass (1.2%) than A-CF (3.2%) and AA-CF (3.8%). The higher percentage of residue indicates better thermal stability of alkali and AA-CF.
Thermal analysis of composites
The TG and DTG curve of LDPE, as well as CF/LDPE composites at different fiber loading, are shown in Figure 5A and B. For the pure LDPE, the onset of thermal degradation (the temperature when the sample loses 5% of its weight) was observed at 376°C ( Figure 5A) , with the maximum weight loss rate at 462°C (77% weight loss) ( Figure 5B), and complete decomposition was observed at around 529°C. DTG curve shows a single stage degradation process for pure LDPE matrix, while composites show more than one degradation stages. For the composite, the first degradation DTG peak mainly corresponds to the degradation of the constituents of CF, while the second main degradation DTG peak corresponds to the degradation of the LDPE matrix. Owing to the oxidative degradation of charred residue, the third small degradation is observed. From the TG and DTG curves, it is evident that the thermal stability of the LDPE matrix decreases with the addition of fiber. This is because of the thermal stability of the CF which is much lower than that of the pure LDPE matrix. For the composite containing 10 wt% CF, the degradation peak corresponding to CF is not well noticed, it may be because all the fibers were well protected by the LDPE matrix which is thermally more stable than the CF. For the 20 wt% CF composite, the first degradation peak corresponding to the degradation of CF is observed at about 346°C. The major weight loss (~72%) occurs at around 463°C corresponding to the degradation of LDPE matrix. However, the major weight loss DTG peak of the composite containing 30 wt% CF shifted to 33°C lower temperature than that of the composite containing 20 wt% CF. This result indicates that the composite containing 20 wt% CF has better thermal stability than composite containing 30 wt% CF and can be explained on the basis of better fiber-matrix interaction in 20 wt% CF composite. The low thermal stability at high fiber loading may be due to the more dominant fiber-fiber interaction than the fiber-matrix interaction which causes incomplete wetting of the fiber in the polymer matrix [12] .
The TG and DTG curves of LDPE composites containing 20 wt% untreated, A-CF, and AA-CF are depicted in Figures 6A,B-8A ,B, respectively. From the TG and DTG results (Figures 6-8) , it is evident that the initial degradation peak for the A-CF and AA-CF/LDPE composites shifted to higher temperature compared to the untreated CF/LDPE composite. This may be because some of the constituents of the fiber such as wax, pectin, and hemicellulose, which have low thermal stability, were removed during the alkali and acrylic acid treatments. Between these two treated fiber composites, the composite containing AA-CF was recorded with higher initial degradation peak temperature (363°C) than that of the composite containing A-CF (354°C). This is due to the fact that acrylic acid treatment removed impurities, wax, pectin, and hemicellulose more effectively than that of the alkali treatment. However, the second broad main peak of the A-CF and AA-CF/LDPE composites shifted to lower temperature as compared to the untreated CF/LDPE composite. The TG and DTG results show maximum weight loss rate at around 463°C (~72% weight loss) for untreated, 451°C (~69% weight loss) for A-CF, and 453°C (~76% weight loss) for AA-CF composites. These results could be attributed to the poor interaction between the treated fiber and the LDPE matrix. It has been explained earlier that the waxy layer present on the CF surface provides a strong interfacial bonding between the fiber and the LDPE matrix [27] . Between these two treated fiber composites, the AA-CF exhibits more interfacial interaction with LDPE matrix than that of the A-CF. AA-CF surface is relatively more hydrophobic, resulting in better fiber wetting and bonding with the LDPE matrix [12] . Figures 6-8 show the effect of MA-g-LDPE addition in the untreated, A-CF, and AA-CF-containing composites on the thermal degradation of these composites. From the TG and DTG results, it is evident that the addition of MA-g-LDPE to the untreated and treated fiber composites shifted both fiber and matrix degradation DTG peak to the higher temperature range compared to the same composite formulation without MA-g-LDPE. For the composite containing untreated fibers ( Figure 6A and B) , the addition of compatibilizer shifted the first and second degradation peaks from 346°C (~17% weight loss) and 463°C (~72% weight loss) to 360°C (~25% weight loss) and 466°C (~59% weight loss), respectively. For the composite containing A-CF ( Figure 7A and B) , the addition of compatibilizer shifted the first and second degradation peaks from 354°C (~18% weight loss) and 451°C (~69% weight loss) to 356°C (~21% weight loss) and 463°C (~75% weight loss), respectively. For the composite containing AA-CF ( Figure 8A and B) , the addition of compatibilizer shifted the first and second degradation peaks from 363°C (~18% weight loss) and 453°C (~76% weight loss) to 364°C (~19% weight loss) and 461°C (~75% weight loss), respectively. From these results, it is clear that the decomposition temperature and thermal stability of the composites are affected by the presence of the MAg-LDPE in the composites. The composites containing untreated CF and A-CF with MA-g-LDPE show relatively higher percentage weight loss in the first degradation process (260-380°C), indicating lower thermal stability in this temperature range than the composites without MA-g-LDPE. However, the second major degradation process (380-500°C) for the composites with MA-g-LDPE was observed with lower percentage weight loss, indicating higher thermal stability in this temperature range than the composites without MA-g-LDPE. The addition of MA-g-LDPE generates strong covalent bond between the hydroxyl groups of the fiber and maleic anhydride groups of the compatibilizer, while LDPE of the compatibilizer becomes compatible with the LDPE matrix, resulting in better interfacial adhesion between the fiber and the matrix [12] . This improved interaction will promote more interaction between the decomposition processes of both fiber and polymer matrix; i.e. the degradation of fiber may accelerate the degradation of the polymer matrix. The composite containing untreated fiber with MA-g-LDPE is recorded with higher major degradation peak with minimum weight loss, although it has slightly lower thermal stability in the temperature range (260-380°C). Therefore, it can be inferred that the composite containing untreated fiber with MA-g-LDPE is thermally more stable than all the other composite samples. This is probably because the waxy layer present on the CF surface provides a strong interfacial bonding between the fiber and the LDPE matrix.
XRD analysis of composites
The effect of untreated and treated CF on the crystallization behavior of the LDPE composites in the presence and absence of compatibilizer containing 20 wt% fiber loading has been studied using XRD and is depicted in Figure 9 . The peak positions of the major reflection crystalline plane of LDPE and its composites are listed in Table 1 . Composite with treated fibers shows reduced crystallite size, indicating poor fiber-matrix adhesion. However, incorporation of MA-g-LDPE into both untreated and treated CF composites led to the increase in crystallite size of the composites when compared to the same composite formulation without MA-g-LDPE. Composites with untreated fibers and MA-g-LDPE show the maximum crystallite size; this is mainly attributed to the formation of well-bonded interface between the untreated CF and LDPE matrix. 
Morphological analysis of composites
SEM has been also used to investigate the morphology and the interfacial bonding between the fibers and the matrix. The SEM micrographs of untreated and treated CF-reinforced LDPE composites in the presence and absence of MA-g-LDPE, containing 20 wt% fiber loading, are shown in Figure 10A -F. In the case of composites containing untreated CF and A-CF ( Figure 10A and B) , fibers seem to be free of any matrix interactions, and voids and fiber pull-outs are very obvious. In the case of composite containing AA-CF ( Figure 10C ), bonding between the fibers and the matrix appears to be relatively better than the composite containing untreated CF and A-CF. However, the main thermal degradation peak of the A-CF/LDPE composites shifted to lower temperature as compared to the untreated CF and A-CF composite. Despite good interfacial bonding between the AA-CF and the matrix, reduction in thermal stability was observed due to the degradation of cellulose fibrils. Treatment of fiber with sodium hydroxide and acrylic acid leads to the splitting of the fibers into finer filaments due to the removal of the external surface layer, resulting in degradation of the cellulose fibrils. This result was confirmed by the FTIR spectra and SEM micrographs of AA-CF. In comparison to untreated CF-reinforced composites, bonding and wetting of fiber with the LDPE matrix may be improved after the chemical treatments, but chemical treatment has a lasting effect on the fiber and hence decreased the composite thermal stability. In contrast, all the composites containing MA-g-LDPE ( Figure 10D -F) manifest better interfacial adhesion with a lower number of fiber pull-outs and reduced voids formation in case of both untreated and treated fiber composites. However, in the composite containing untreated fiber and MA-g-LDPE ( Figure 10D ), strong adhesion between the fibers and the matrix is clearly observed. Relatively very less number of fiber pull-outs can be seen, and the fibers are strongly embedded in the polymer matrix, indicating good wetting of fibers by the matrix.
Conclusion
The fibers were subjected to the chemical treatments (alkali and acrylic acid), and their influence on the thermal stability of CF/LDPE composites with or without compatibilizer was analyzed by TGA. Both treatments improved the thermal stability of the fiber, as some of the constituents of the fiber such as wax, pectin, and hemicellulose, which have low thermal stability, were removed during the alkali and acrylic acid treatments. The results were supported by the FTIR and SEM analyzes.
The composites with treated fibers exhibit an increase in initial degradation peak temperature corresponding to the degradation of fiber, while the major degradation process related to the LDPE causes a decrease in degradation peak temperature compared with that of the composite with untreated fibers. Results indicate that the waxy layer present on the CF surface provides better fiber-matrix interaction, reflected by the decrease in major degradation peak temperature owing to the removal of the waxy layer present in CF. However, the addition of MA-g-LDPE to untreated and treated fiber composites leads to improved thermal stability than the same composite formulation without MA-g-LDPE. Amongst all the formulated composites, the composite containing untreated fiber with MA-g-LDPE demonstrated superior thermal stability. From these studies, it can be anticipated that the composite prepared in the presence of MA-g-LDPE would improve its thermal stability by enhancing the interfacial bonding between LDPE matrix and CFs. 
